Abstract: For the purpose of bonding poly(dimethylsiloxane) (PDMS) to glass, both components' surfaces were treated with low-pressure oxygen plasma, indirect corona or simply with an oxygen-rich butane gas flame. In the case of low-pressure oxygen plasma treatment, the process parameters were varied and optimized with the consequence that the achieved adhesion between PDMS and the glass substrate was so strong that the PDMS could not be peeled off the glass slide without damaging the elastomer.
Introduction
Adhesive bonding of materials is being utilized more and more frequently as an alternative for structural joining methods. In doing so, bonding of polymers to polymers or inorganic materials is commonly performed by different types of thermal welding (e.g., ultrasonic, vibration, hot-plate-welding, etc.) or solvent welding and chemical adhesive bonding (e.g., cyanoacrylates, epoxy/urethane adhesives, radiation curable adhesives) [4] .
However, these techniques have certain disadvantages -either an adhesive has to be used or the material is softened (by an increase of temperature or by a solvent), resulting in rough bonding interfaces and low dimensional accuracy. Moreover, in the case of microsystems the pollution of, e.g., small channels or capillaries due to an excess of material or adhesive has to be taken into account. One example is the production of capillaries by structuring grooves into a polymer and sealing these with a glass or polymer substrate [1, 2] .
In most cases, priming prior to adhesive bonding especially in the case of unpolar polymers (e.g., polyolefins) is necessary to enlarge the surface energy and ensure strong adhesion. Familiar methods are, e.g., flame as well as corona treatment [5] .
Recent studies have shown that bonding of polymers to polymers [1] or inorganics (e.g., glass) [2, 3] can be achieved without the necessity of any adhesive just by treating the involved surfaces with oxygen plasma. Unfortunately in most of these cases the process parameters were not described in detail. For this reason the aim of this paper is to study qualitatively the influence of various process parameters during plasma-bonding of poly(dimethylsiloxane) to SiO 2 glass substrates. Furthermore it was found that flame and corona treatment are alternatives to low-pressure plasma treatment to bond, e.g., silicones to silicones, other polymers and SiO 2 .
Results and discussion
In the case of all three methods, namely low-pressure oxygen plasma, indirect corona as well as simple butane gas flame treatment, good adhesion between PDMS and SiO 2 glass could be achieved. Regarding low-pressure oxygen plasma treatment it was found that only DC potentials beneath 150 V and treatment times less than 10 s result in good adhesion between both materials. If the components are brought into contact as soon as possible after finishing plasma activation, good adhesion was observed even after minimal 'contact-times' of about 60 s. By increasing the time span ('waiting-time') between treatment and contact of the plasma-activated surfaces, the resultant adhesion is getting worse and finally no adhesion is observed anymore. Surprisingly, longer 'waiting-times' can be compensated by longer 'contacttimes'. The relation between 'waiting-time' and 'contact time' is shown in Fig. 1 . The circles indicate experiments that resulted in good adhesion whereas the minus signs indicate such that resulted in no or only weak adhesion. The dotted line is the assumed boundary between good and no adhesion. Fig.1 . Results of bonding experiments showing the quality of adhesion (PDMS on glass) depending on the elapsed time after plasma treatment before both components were brought into contact ('waiting-time') and on the 'contact-time' until mechanical peel testing was carried out
To enlarge the possible waiting-time, the treated component surfaces have been stored in high vacuum and under ethanol. The storage of silicone and glass directly after treatment under high-vacuum conditions does not enlarge the maximum waiting-time. Surprisingly, storage under ethanol directly after treatment leads to prolonged maximum waiting-times. After storage for three days, good adhesion still appears after both components were compressed with less than 1 MPa between two hot plates at 100°C (to evaporate the ethanol from the surfaces) for at least 5 min.
As compared to low-pressure plasma, the corona as well as the flame treatment allow only the controlled variation of a few parameters, such as the distance between the flame/discharge and the sample surface or the duration of treatment. Regarding the flame treatment it is hard to define the stoichiometry of the butane flame. Therefore, all flame treatments were performed with an oxygen-rich flame, which was operated manually.
Nevertheless, 'good' adhesion results from both kinds of treatment. In the case of corona treatment the optimal distance between discharge and sample surface was about 16 to 18 mm. 'Good' adhesion appears under usage of these distances in a broad duration interval between 1 and 6 min.
In the case of flame treatment, best adhesion was obtained by exposing the butane flame for less than 1 min to both, the silicone as well as to the SiO 2 surface. The optimal distance between the blue redox-flame and the materials' surfaces was about 10 to 20 mm. It was possible to bond silicone on silicone, SiO 2 , polyolefins like highdensity polyethylene or isotactic polypropylene as well as on polyamide 12 and polyimide. The storage of flame or corona treated samples in ethanol directly after finishing the treatment leads -comparable to low-pressure plasma treatment -to prolonged maximum waiting-times in the range of some days.
The supposed mechanism of plasma-bonding is the formation of silanol groups (SiOH) at the treated surfaces, which might react in a condensation reaction to covalent Si-O-Si cross-links under production of water [2] . In the case of glass as second component, plasma treatment is not necessary to achieve adhesion between glass and, e.g., silicone due to the existence of native OH groups at the glass surface, but it is advisable due to its cleaning effect.
The fact that good adhesion only occurs after short treatment times and that too long treatment results in no adhesion may be explained as follows: During oxygen plasma treatment, at first only silanol groups [6] are produced, but with longer treatment times the formation of SiO x on top of the silicone surface becomes predominant and the amount of silanol groups decreases. Furthermore, longer treatment times give rise to the formation of buckling instabilities [7, 8] , which lead to an increase of surface roughness and to a decrease of the effective contact area between the treated components. Because the lateral magnitude of the surface buckles is related to the plasma energy, lower plasma energies will allow longer treatment times, which can be observed in the case of indirect corona as well as flame treatment, where the kinetic energy of the resultant ions is comparable to that of the molecules of the surrounding atmosphere.
The limitation of the 'waiting-time' before the components are brought into contact may be explained by the same three mechanisms that are assumed to be responsible for the effect of hydrophobic recovery [9] :
The observed effects regarding plasma-bonding of silicone against SiO 2 indicate that all the three assumed mechanisms might play a role. The condensation of neighbouring silanol groups may be responsible for the upper bounds in waiting and contact times (cf. Fig. 1 ) up to which good adhesion can be ensured. Furthermore it can be explained why the storage of the treated surfaces in ethanol allows much longer waiting times compared to all the other experiments (SiOH groups are hindered in the reaction).
The fact that longer waiting times can be compensated by longer contact times may be explained as follows: Directly after the treatment the freshly produced OH groups start to turn apart from the surface into the bulk of the material so that the amount of reactive silanol groups at the surface decreases with increasing waiting time. After bringing both components into contact, the silanol groups may re-orient back towards the interface, where they react in the previously mentioned condensation reaction. Therefore, an increase in contact time leads to an improved adhesion of the interface. A similar mechanism is conceivable regarding the migration of silicone oligomers to the surface where they cover more and more silanol groups with increasing waiting time. After the components were brought into contact, the low-molecularweight fragments remigrate back into the bulk material so that more and more silanol groups may condensate to cross-links with increasing contact time.
Experimental part
Poly(dimethylsiloxane) elastomer (PDMS, Sylgard 184) was purchased from Dow Corning. The PDMS samples were prepared by mixing the liquid pre-polymer and the curing agent in a ratio of 10:1. The mixture was degassed for 30 min in vacuum, subsequently casted on a cleaned SiO 2 glass surface and cured for 2 h at 100°C.
Oxygen plasma treatment was carried out in a radio frequency plasma facility (Z400, Leybold Inc., Germany). The process parameters were varied: oxygen gas pressure between 5·10 -2 and 5·10 -1 mbar, DC potential between 100 and 500 V, duration between 10 s and 2 min. Lower potentials than 100 V as well as pressures below 5·10 -2 mbar could not be realized because no plasma ignition took place.
Corona treatment was carried out using an indirect corona gun supplied by Tigres LtD., Germany, where the electrical discharge between two electrodes is exposed to the surface by airflow.
For flame treatment an oxygen-rich butane gas flame was manually moved over the sample surface with a velocity between 10 and 25 cm/s. The distance between the sample and the flame was approximately 2 cm.
In the case of corona or flame treatment, both components were brought into contact immediately after finishing the treatment. In the case of plasma treatment it took about 2 min to ventilate the plasma facility so that the 'waiting time' (time elapsed until the components were brought into contact) was varied starting from 2 min up to 24 h. The 'contact time' (time elapsed until the bond was mechanically tested) was varied between 10 s and 4 days.
Adhesion testing between PDMS and glass was performed only qualitatively by peeling off the PDMS from the glass surface by hand. Only Boolean results were considered. In the case of no or only weak adhesion, the PDMS did not adhere at the glass surface and could easily be removed. In the case of good adhesion, the PDMS could not be removed from the glass surface without damaging the elastomer and no delamination along the PDMS/glass interface was observed. 4
